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Application of Isothermal Calorimetry to Phosphorus 
Sorption onto Soils in a Flow-Through System
Soil Chemistry
Phosphorus transport from soils to surface waters is an important contributor to eutrophication (Ryther and Dunstan, 1971). Phosphorus losses from soils occur in both the particulate and dissolved forms. Particulate P consists of 
sediment that has P sorbed on it, and is typically transported in runoff. Dissolved P 
is simply P that is already in solution, free from the solid phase. Most best manage-
ment practices (BMPs) focus on reducing particulate P that is transported in runoff 
through erosion control and capturing sediment before runoff exits a field or enters 
a water body (Fox and Penn, 2013; Rao et al., 2009). Such practices include no-till 
management, grassed waterways, vegetated buffer strips (VBS), and contour farming. 
Among floodplains, use of VBS along the riparian areas of the surface water is com-
mon (Fox and Penn, 2013; Fox et al., 2010; Muñoz-Carpena et al., 2010; Sabbagh et 
al., 2009; Osborne and Kovacic, 1993). However, while effective at reducing particu-
late P, VBS and other traditional BMPs are less effective at reducing dissolved P trans-
port among soils recently amended with P and soils that have become excessive with 
regard to soil P concentrations (Fox and Penn, 2013; Owens and Shipitalo, 2006). In 
addition, most BMPs have little impact on reducing P leaching under such scenarios.
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The degree, mechanisms, and kinetics of phosphorus (P) sorption onto soils 
can have a significant influence on leaching losses of P from soil. The objec-
tives of this study were to measure the impact of retention time (RT) on P 
sorption in a flow-through system intended to simulate downward move-
ment of a P solution through two different riparian soils, and determine if 
isothermal titration calorimetry (ITc) can provide useful information reflec-
tive of flow-through results. Topsoil from two riparian/alluvial sites (Barren 
fork and clear creek) was sampled and characterized for P concentrations 
and parameters related to P sorption. flow-through P sorption experiments 
were conducted to examine the effect of RT and inflow P concentration on P 
sorption; this was compared to results of ITc experiments where the heat of 
reaction was measured with the addition of P to soils. Results of ITc experi-
ments were reflective of both soil characterization and flow-through sorption 
in that the Barren fork soil sorbed less P, but at a faster rate, compared to 
clear creek. Based on thermograms, the dominant P sorption reaction 
was ligand exchange onto Al/fe oxides/hydroxides, with a lesser degree 
of precipitation. Phosphorus removal for both soils was limited by physical 
nonequilibrium instead of chemical nonequilibrium (sorption kinetics). The 
calorimetry approach presented can help provide soil-specific information on 
the risk of P inputs to leaching (degree of P sorption) under different condi-
tions (flow rate or RT), and potential for desorption (P sorption mechanisms).
Abbreviations: DPS, Degree of phosphorus saturation; ITC, Isothermal titration calorimetry; 
M3, Mehlich-3; WSP, Water soluble phosphorus.
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In general, P will leach mostly in the dissolved form, except 
in cases of excessive preferential flow (Djodjic and Bergstrom, 
2004; Simard, 2000). As dissolved P leaches downward from the 
high P topsoil or applied P amendment, the lower soil horizons 
can sorb P through several reactions depending on soil proper-
ties. Factors that control the quantity of P leaching are mostly 
related to soil chemical properties which dictate the capacity and 
kinetics of the soil to sorb P (Maguire and Sims, 2002), and phys-
ical properties that impact the rate of water movement through 
the soil profile (Fuchs et al., 2009) which can also impact the rate 
of P sorption. The kinetics of P sorption is critical to the P leach-
ing process since the soil will have limited contact time (i.e., re-
tention time) with the moving P-rich solution. Simply put, if the 
contact time required for adequate P sorption is greater than the 
contact time of the moving P solution, then limited P sorption 
will occur resulting in greater transport of P to the subsurface.
Movement of P downward is especially important in the 
riparian floodplains of northeastern Oklahoma and northwest-
ern Arkansas since these alluvial soils possess a relatively shallow 
topsoil with underlying gravelly silt loam to gravelly loam. Not 
only do these gravelly subsoils have an extremely high hydrau-
lic conductivity (Sauer and Logsdon, 2002; Sauer et al., 2005) 
that range from 0.2 to 844 m d-1 (Fuchs et al., 2009), but they 
have also been shown to be directly hydrologically connected 
to adjacent streams via the gravel subsurface behaving as a stage-
dependent storage zone (Heeren et al., 2011, 2010; Fuchs et al., 
2009). Therefore, sorption of a leaching P solution by the thin 
topsoil is especially critical to preventing transport of dissolved 
P to surface waters.
Phosphorus transport requires both a P source and physical 
connectivity (Nelson and Shober, 2012). It is clear that as soils 
increase in P concentration, particularly as they become more 
saturated with P, the risk for P leaching increases if the hydraulic 
conditions are appropriate. Such information is easily obtained 
through soil testing. However, there are factors that influence the 
“gap” between P source and the physical transport of P, includ-
ing P sorption mechanisms and kinetics of sorption. In regard 
to mechanisms, not only is the degree of P sorption important 
to potential P leaching, but the mechanism in which P is sorbed 
will dictate how strongly the P is held and under what condi-
tions. For example, P bound with Ca typically becomes more sol-
uble as the pH decreases. Kinetics can also influence P transport 
in the context of a moving solution (i.e., leaching) because of the 
time required for a sorption reaction to occur. Fuchs et al. (2009) 
found that a decreased contact time (increased flow rate) of a P 
solution through the fine fraction of a riparian subsoil resulted 
in a decrease in P sorption and therefore increase in P leaching.
This study proposes a new and simple tool to aid in studying 
P leaching; isothermal titration calorimetry (ITC) measures the 
heat of reaction while solutions or soil suspensions are titrated 
with chemicals (such as P). The quantity and patterns of heat 
measured can provide information on the degree of reaction, 
type of reaction, and kinetics (Harvey and Rhue, 2008; Rhue 
et al., 2002; and Kabengi et al., 2006a). For example, Penn and 
Warren (2009) were able to distinguish between P sorbed by li-
gand exchange vs. surface precipitation in titration of kaolinite 
with a P solution. Calorimetry also provided useful information 
on kinetics in regard to ammonium exchange with potassium in 
zeolite materials (Penn et al., 2010). The objectives of this study 
were to measure the impact of contact (retention) time on P 
sorption in a flow-through system intended to simulate down-
ward movement of a P solution through two different riparian 
soils, and determine whether ITC can provide useful informa-
tion reflective of flow-through results.
MATeRIALS AnD MeTHODS
Soils
Two floodplain soils from within the Illinois River water-
shed were sampled for use in this study. The Barren Fork Creek 
site (latitude: 35.90°, longitude:−94.85°) is a fourth order stream 
with a historical median discharge of 3.6 m3 s-1. The study area at 
the Barren Fork Creek was located on the outside of a meander 
bend which was being actively eroded by the stream. The soils 
were classified as Razort gravelly loam underlain with alluvial 
gravel deposits. Thickness of the loam ranged from 0.3 to 2.0 
m, with dry bulk densities ranging from 1.3 to 1.7 g cm-3. The 
Clear Creek alluvial floodplain site flows into the Illinois River 
(latitude: 36.13°, longitude: −94.24°). Soils were loamy and silty, 
deep, moderately well drained to well drained. Thickness of the 
top loam layer ranged from 0.3 to 2.0 m, with dry bulk densities 
ranging from 1.5 to 1.7 g cm-3. The land use in the study area 
was pasture and consisted of Razort (Fine-loamy, mixed, active, 
mesic Mollic Hapludalfs) gravelly loam soils. Both soils were 
sampled at a depth of 0 to 10 cm. Soils were air-dried and sieved 
to 2 mm for extraction and use in ITC experiments.
Soil characterization
All analyses were conducted in duplicate. Soil characteriza-
tion consisted of (i) pH and electrical conductivity (EC; 1:1 soil/
solution ratio); (ii) organic matter by combustion; (iii) sand, silt, 
and clay by the hydrometer method (Day, 1965); (iv) water solu-
ble (WS) P, Al, Fe, and Ca (1:10 soil/deionized water, 1-h reaction 
time, filtration with 0.45-µm Millipore membrane [Kuo, 1996]); 
(v) specific surface area by gas adsorption (N2: 16-h outgassing at 
160°C) with a BET isotherm as determined by an Autosorb-1C 
(Quantachrome, Boynton Beach, FL); (vi) oxalate extractable P, 
Al, and Fe (Pox, Alox, Feox; 1:40 soil: 0.2M acid ammonium oxalate 
(pH 3), 2-h reaction time in the dark; McKeague and Day, 1966); 
and (vi) Mehlich-3 (Mehlich, 1984) P, Al, and Fe (M3-P, M3-Al, 
and M3-Fe: 1:10 soil:0.2 M CH3COOH + 0.25 M NH4NO3 
+ 0.015 M NH4F + 0.13 M HNO3 + 0.001 M EDTA, 5 min 
reaction time, filtration with Whatman #42 paper [Kuo, 1996]); 
Extracted P, Ca, Al, and Fe were analyzed by ICP–AES. The ratio 
of Mehlich 3 and ammonium oxalate extractable P to (Al + Fe) 
(all values in mmol kg-1) was expressed as:
[P/(Al + Fe)] 100  [1]
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and will be referred to as M3 degree of P saturation (DPSM3) and 
ammonium oxalate degree of P saturation (DPSox). Note that 
this is exactly the same as the traditional soil degree of phospho-
rus saturation (DPS) calculations (Pautler and Sims, 2000) except 
without the empirical constant a which is used to relate soil P 
sorption capacity to Alox and Feox and the denominator acts to 
express the effective total soil P sorption maximum. The a value 
was unknown, so no a value was used. Beauchemin and Simard 
(1999) noted that various studies have applied an a value of 0.5 to 
all soils, regardless of soil properties. The authors claimed that the 
a value is empirical and needs to be determined for each soil type 
and experimental conditions. In addition, Beck et al. (2004) rec-
ommended that the a value be omitted from the DPS calculation.
flow-Through Phosphorus Sorption experiments
To test the effect of retention time (RT) and P concentra-
tion on P sorption in a flow-through setting, flow-through cells 
(high density polyethylene) were constructed as described in 
Stoner et al. (2012). A diagram of the setup is found in Fuchs 
et al. (2009) and Penn and McGrath (2011). Depending on 
the P concentration and RT utilized, some soils were mixed 
with acid washed, lab-grade sand (pure Si sand, 14808–60–7; 
Acros organics, Morris Plains, NJ) to achieve a total pore vol-
ume of 1.26 cm3 (5 g of sand + soil; 50% porosity). Soils were 
then placed in a flow-through cell. The proportion of soil to sand 
varied depending on how P sorptive the material was. Less soil 
mass was used for more sorptive soils tested under low P inflow 
concentrations. The mass of soil material used in a flow through 
cell varied from 1 to 5 g. A suitable amount that would not re-
sult in 100 or 0% P removal for the duration of the entire experi-
ment was typically determined by trial and error. The purpose 
of this was to allow a more complete picture of P breakthrough 
(i.e., P sorption curve). A 0.45-mm filter was placed beneath the 
materials and the bottom of the cell was connected to a single 
channel peristaltic pump (VWR variable rate “low flow” and 
“ultra low flow”, 61161–354 and 54856–070) using plastic tub-
ing. The desired RT (RT [min] = pore volume [mL]/flow rate 
[mL min-1]) was achieved by varying the pump flow rate which 
pulled solution through the cell. Flow rates required to achieve 
the desired RTs of 3 and 10 min were 0.75 and 0.22 mL min-1, re-
spectively. Essentially, the RT is the amount of time required for 
the solution to pass through the cell. A constant head Mariotte 
bottle apparatus was used to maintain a constant volume of P 
solution on the soils. Materials were subjected to flow for 5 h 
in which the “outflow” from the cells was sampled at 0, 30, 60, 
90, 120, 150, 180, 210, 240, 270, and 300 min. Solutions were 
analyzed for P by the Murphy-Riley molybdate blue method 
(Murphy and Riley, 1962). Discrete P sorption onto materials 
was calculated at each sampling time as a percentage decrease in 
outflow relative to inflow P concentration (i.e., source bottle). 
Results are presented as cumulative P sorption as a function of 
cumulative P addition (both in units of mg P kg-1 soil). Initial 
flow-through experiments were performed with KCl which im-
mediately flowed through the thin layer of soil with no retarda-
tion based on measured specific conductance.
Two different P concentrations were tested: 1 and 10 mg L-1 
using solutions made from potassium phosphate. These P con-
centrations correspond with the range measured in studies of 
runoff from high P soils (>300 mg kg-1 Mehlich 3-P) or soils to 
which manure or chemical fertilizer P have been recently applied 
to the surface (Vadas et al., 2007; Edwards and Daniel, 1993). 
The matrix of the solution consisted of 5.6, 132, 110, 10, and 
17 mg L-1 of Mg, Ca, S, Na, and K, respectively, using chloride 
and sulfate salts, followed by adjustment to pH 7. Note that ionic 
strength only slightly varied due to differences in P concentra-
tions only. This matrix was chosen as it was found to be repre-
sentative of agricultural runoff measured in a previous study. All 
flow-through RT and P concentration combinations were dupli-
cated for each material.
Isothermal Titration calorimetry experiments
All ITC experiments were conducted on a CSC 4200 
Isothermal Titration Calorimeter (CSC Inc., Lindon, UT) at 25°C. 
The ITC had a sensitivity of 0.418 mJ detectable heat effect and a 
“noise level” of ± 0.0418 mJ s-1 (deconvoluted signal). For all soil 
ITC experiments, 100 mg of soil sample were placed in a 1.3-mL 
reaction vessel and suspended in 0.75 mL of deionized (DI) water. 
Soil titrations were replicated three times. For each experiment, a 
blank was determined by titration of a 0.01-M NaH2PO4 solution 
into deionized (DI) water under the same conditions employed for 
the actual experiment. Data produced from the blank titrations were 
subtracted from the sample titrations.
Two different types of titrations were conducted; 25 con-
secutive 10-mL titrations (300 s intervals) of P solution into 
the suspended soil sample, and a “single shot” titration consist-
ing of all 250 mL of P solution. For both experiments, a 0.01 M 
NaH2PO4 solution was used as the titrant and soil suspensions 
were stirred in the reaction vessel throughout the duration of the 
experiment. With regard to the single shot test, after titration, 
change in heat was monitored for 5 h.
Statistical Analysis
All values were averaged over replication. The log of the re-
lationship between cumulative P added to soil and cumulative P 
sorption was tested among each set of conditions (i.e., inflow P 
concentration and RT) to determine whether the relationships 
(slope and intercept) were significantly different from each other at 
P = 0.05. The null hypothesis was that one equation could be used 
to describe cumulative P sorption vs. cumulative P addition for 
both soils. This was tested by using a series of “contrast” statements 
in SAS (SAS Institute, 2003) to determine whether the slope and 
intercept were significantly different based on soil sample.
ReSULTS AnD DIScUSSIOn
Soil Properties
General soil properties important to P retention are shown 
in Table 1. Soil from the Barren Fork site was more acidic, and 
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as a result, contained more water soluble Al and Fe than the 
Clear Creek soil. The Barren Fork soil also contained more wa-
ter soluble Ca. This is expected since Al, Fe, and Ca containing 
minerals tend to be more soluble in water as pH decreases be-
low 7. However, ammonium oxalate extractable Al and Fe (Alox 
and Feox) were greater in the Clear Creek soil. Soil Al and Fe 
that is extractable with ammonium oxalate is considered to rep-
resent amorphous Al and Fe minerals, which typically sorb and 
retain the majority of soil P among near neutral and acid soils 
(Schoumans, 2000; Sakadevan and Bavor, 1998; McKeague 
and Day, 1966). The greater value for DPSox for the Barren fork 
soils suggests that the main P sorption sites (Alox and Feox) are 
more saturated with P than Clear Creek soils (Penn et al., 2006). 
Generally, as DPSox increases for soils, their capacity to further 
sorb additional P decreases, and the potential to release P to so-
lution increases (Pautler and Sims, 2000). Evidence for this is 
clearly seen by the fact that the Barren Fork soils possessed great-
er water soluble P concentrations (Table 1). However, the water 
soluble P concentrations are below the threshold for increased P 
leaching (8.6 mg kg-1) as proposed by Maguire and Sims (2002).
Although the soils contained appreciable amounts of Ca as 
indicated by the Mehlich-3 (M3) extraction, it was not very sol-
uble based on the water extraction (Table 1). Only about 3 and 
7% of Mehlich-3 extractable Ca was soluble in water for the Clear 
Creek and Barren Fork samples, respectively. Mehlich-3 extract-
able Fe and Al was reflective of ammonium oxalate Al and Fe, 
except that ammonium oxalate extracted more than Mehlich-3 
solution. Sims et al. (2002) suggested values of 10 to 15% DPSM3 
as a threshold to identify soils with increased risk as P sources 
for nonpoint P transport. In addition, Maguire and Sims (2002) 
found that there was a “break-point” value of 20% for the relation-
ship between DPSM3 and dissolved P in leachate. Above this 20% 
level, the concentration of dissolved P in leached increased rapidly 
with increases in DPSM3. Soil organic matter (OM) was similar 
between soils (Table 1). Although OM is not related to P sorption 
in non-sandy soils with appreciable Al and Fe (Leinweber et al., 
1997; Lookman et al., 1996; Mozaffari and Sims, 1994; Syers et al., 
1971; Zhang et al., 2005), OM can indirectly impact P sorption 
through interaction with Fe and Al oxides and hydroxides. This 
interaction between OM and Al+Fe has been shown to increase 
the amorphous nature of Al and Fe oxides and hydroxides, there-
by increasing surface area, and potential P sorption (Loveland et 
al., 1983; Mozaffari and Sims, 1996; Niskanen, 1990; Saunders, 
1965). However, such interactions and the resulting amorphous 
nature of Fe and Al are accounted for through extraction with am-
monium oxalate. This is why most studies conducted on P sorp-
tion indicate a strong correlation between P sorption and Alox, 
Feox, and DPSox (Zhang et al., 2005; Sims et al., 2002; Khiari et 
al., 2000; Maguire and Sims, 2002).
Phosphorus Sorption under flow-Through conditions
Under flow-through conditions of constant addition of 
1 mg P L-1 inflow solution, the longer RT, or slower flow rate, 
appeared to reduce P sorption for the Barren Fork soil (Fig. 1a). 
However, this decrease in P removal with increase of RT from 3 
to 10 min was not statistically significant with regard to the slope 
and intercept for the relationship shown in Fig. 1. Table 2 pro-
vides the slope and intercept values for the relationship between 
log cumulative P added and cumulative P sorbed, including sta-
tistical differences. Note that the relationship between cumula-
tive P added and cumulative P sorbed was nearly exactly the same 
for the 3 and 10 min RT for the Clear Creek soil (Fig. 1b and 
Table 2). Similar results were obtained when an inflow P concen-
tration of 10 mg P L-1 was used (Fig. 2a and 2b), except that the 
slope and intercept were statistically different between the 3 and 
10 min RT for the Barren Fork soil (Table 2). After application 
of the P sorption data set to equations developed by Stoner et al. 
(2012) for estimating maximum P sorption under flow-through 
conditions, it was apparent that the Clear Creek soil was able to 
sorb more P under certain flow-through conditions compared 
with the Barren Fork soil.
Under inflow conditions of 10 mg P L-1, maximum P sorp-
tion by the Clear Creek soil was 214 and 284 mg kg-1 (not signifi-
cantly different) at a RT of 3 and 10 min, respectively, while Barren 
Fork could only remove a maximum of 165 and 127 mg kg-1 
(significantly different) at a RT of 3 and 10 min, respectively. 
However, under inflow conditions of 1 mg P L-1, the soils would 
remove similar maximum amounts of P; 103 and 101 mg kg-1 at 
Table 1. characterization of the soils collected from two dif-
ferent riparian sites that were used in the flow-through sorp-
tion and calorimetry studies. All values in mg kg-1 unless 
shown otherwise.
Site clear creek Barren fork
pH 6.3 5.8
EC, mS cm-1 68 132
Organic matter, % 1.73 1.58
Surface area, m2 g-1 10.14 9.04
Sand, % 16.3 41.3
Silt, % 61.3 37.5
Clay, % 22.5 21.3
WS Ca† 55 115
WS Fe 127 209
WS Al 238 370
WS P 2.6 7.1
Alox‡ 904 707
Feox 2033 1955
Pox 92 170
DPSox, %§ 4.25 8.96
M3-Ca¶ 1804 1698
M3-Fe 161 163
M3-Al 824 688
M3-P 2.5 49
DPSM3, %# 0.46 3.1
† Water soluble.
‡ Ammonium oxalate extractable.
§  Degree of phosphorus saturation. Pox/(Alox+Feox); calculated on a 
molar basis.
¶ Mehlich-3 extractable.
#  Degree of phosphorus saturation. M3-P/(M3-Al+M3-Fe); calculated 
on a molar basis.
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a RT of 3 and 10 min, respectively for Clear 
Creek compared with 100 and 88 mg kg-1 
at a RT of 3 and 10, respectively for Barren 
Fork. Note that there was no significant dif-
ference in P removal at a 1 mg P L-1 inflow 
concentration between a 3 min and 10 min 
RT. The higher amount of P sorption for the 
Clear Creek soil is not a surprise since it pos-
sessed a lower DPSox and DPSM3, meaning 
that it contained a greater number of “un-
used” P sorption sites than the Barren Fork 
soil. Hooda (2000) noted that the amount of 
P leached was dominantly a function of the 
soil P saturation.
The increase in P sorption for the 
Barren Fork soil at the lower RT compared 
with the higher RT (i.e., lower flow rate) 
may seem counter intuitive at first. However, 
it does suggest that P sorption kinetics were 
relatively fast for this soil. While increased 
RT can increase P sorption in some cases, 
this is less likely for a scenario with fast ki-
netics since little time would be required 
for sorption to take place. The overall P re-
moval process consists of both physical and 
chemical processes. As P is sorbed by the 
soil through precipitation, anion exchange, 
or ligand exchange reactions, the reactants 
(solution P and available sorption surfaces 
or ions) are “used up” (decrease) and the products (sorbed P and 
any resulting ions) increase. The combination of the reduction of 
reactants and increase in products decreases the chemical poten-
tial for further sorption reactions to occur. Simply put, a faster 
flow rate (lower RT) removes solution reaction products and 
replenishes the depleted solution reactants (i.e., inflow P) more 
efficiently than a slow flow rate (higher RT), thereby resulting in 
a greater chemical potential for further P sorption at any given 
point (Penn and McGrath, 2011). A similar observation was 
made by Stoner et al. (2012) in examination of P removal by in-
dustrial by-products under flow-through conditions.
One hypothesis to explain this phenomenon would be that 
at an increased flow rate, the flow in the pore space would be 
more turbulent, which would reduce the thickness of the low 
velocity boundary layer of fluid near the mineral surface. More 
turbulent mixing would increase the transport within the pore, 
that is, from the bulk flow, through a smaller boundary layer via 
diffusion, and to the surface where sorption can occur. However, 
Reynolds numbers calculated from specific discharge during the 
flow through experiments and a characteristic grain size (d50) 
(following Chin et al. [2009], and Bear, [1972]) ranged from 2 
× 10−5 to 2 × 10−4. These are well below the critical Reynolds 
number (typically ranging from 1 to 10 for flow in porous me-
dia) where flow changes from Darcian/linear flow to transitional 
flow, and a Reynolds number of 100 where flow has become fully 
turbulent. Peclet numbers (Pe) were 60 and 170 for the Barren 
Fork and Clear Creek sites, respectively, with Pe > 10 indicating 
that dispersion was negligible compared with advective trans-
port. Although flow conditions in the flow cells were laminar 
according to this analysis, it should be remembered that this is 
not flow through a straight conduit but through a pore space 
with tortuosity, dead-end pores, and a wide range of pore sizes. 
These flow cell data for the Barren Fork soil indicate that, even 
under laminar flow, higher flow rates result in faster transport of 
reactants from the bulk flow to the mineral surface, and/or faster 
transport of reaction products away from the mineral surface 
Table 2. Slope and intercept values for the relationship between 
log of cumulative phosphorus (P) added (mg kg-1) and cumula-
tive P sorbed (mg kg-1) during the flow-through sorption exper-
iments conducted at two different retention times (RT: 3 and 10 
min) and inflow P concentrations (1 and 10 mg L-1).
Soil RT = 3 min RT = 10 min
1 mg P L-1 inflow
Slope Intercept Slope Intercept
Barren Fork 56.4 −52.7 46.9 −45.7
Clear Creek 55.9 −53.6 44.9 -39.4
10 mg P L-1 inflow
Barren Fork 130.7* -177.9* 63.6 −73.5
Clear Creek 149.5 -214.5 144.1 -202.2
*  indicates significant difference at P = 0.05 between RT 3 and 10 
within soil type and inflow P concentration.
fig. 1. cumulative P sorption onto soils in a flow-through setting with an inflow P concentration 
of 1 mg L-1 using two different retention times (RT). Soils tested were sampled from the (a) Barren 
fork and (b) clear creek  sites.
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into the bulk flow. Either way, a higher flow rate pre-
vented the sorption reaction from coming to a relatively 
“pre-mature chemical equilibrium,” that is, chemical 
equilibrium has been reached, but only because of limi-
tations of the physical process. Increasing the flow rate 
reduces the physical limitation which allows the rate of 
P sorption to increase. Analogous to this is the observa-
tion that volatilization of a gas (a chemical process) can 
be prevented by imposing increased pressure (a physical 
process) on a system.
In other words, for the Barren Fork site it appears 
that P removal was limited by physical nonequilibrium at 
the pore scale. It should be noted that this process (trans-
port from bulk flow to the mineral surface as a function 
of flow rate) is different than mechanical dispersion, 
which by definition occurs at a large enough scale to inte-
grate the effects of many pores (Fetter, 1999).
calorimetry as an Indicator of  
Phosphorus Sorption
Phosphorus can sorb to soils by several mecha-
nisms: anion exchange, ligand exchange (adsorption), 
and precipitation. Soils with elevated pH (>8) and 
high soluble Ca concentrations are able to precipitate 
P as Ca phosphate minerals. However, this precipita-
tion reaction occurs much more slowly at low pH 
levels compared with high pH. For soils at or below a 
pH of 7, P sorption dominantly occurs via ligand ex-
change mechanisms on the surface of amorphous Al 
and Fe oxide and hydroxide minerals (Violante, 2013). 
If there is Al and Fe in the soil solution, added P can 
also precipitate as Al and Fe phosphates. Under certain 
conditions, continued P loading to the surface of a Fe 
or Al oxy/hydroxide mineral can result in P removal by 
precipitation of Al or Fe phosphate at the surface of the 
Al or Fe source mineral (Kim and Kirkpatrick, 2004; 
Ler and Stanforth, 2003). Isothermal titration calorim-
etry data can be used to somewhat distinguish between 
these mechanisms. For example, exothermic (produc-
ing heat) reactions regarding P sorption in neutral and 
acid soils indicate ligand exchange mechanisms onto 
Al and Fe minerals and kaolinite (Appel et al., 2013; 
Penn and Zhang, 2010; Rhue et al., 2002; Harvey and 
Rhue, 2008). On the other hand, endothermic (absorb-
ing heat) reactions indicate precipitation of Al and Fe 
phosphates (Penn and Warren, 2009; Rhue et al., 2002).
Figures 3 and 4 show that the heat of reaction 
decreases with each successive titration of P solution; 
this is expected since the P sorption sites are becoming 
saturated with each P addition. Examination of the 25 
titrations of a P solution to the soils, and considering 
the near-neutral to acid pH of the soils, it appears that 
P sorption onto the Barren Fork (Fig. 3a) and Clear 
Creek (Fig. 4a) soils occurred by both ligand exchange 
fig. 2. cumulative P sorption onto soils in a flow-through setting with an inflow 
P concentration of 10 mg L-1 using two different retention times (RT). Soils tested 
were sampled from (a) the Barren fork and (b) clear creek sites.
fig. 3. Thermogram (a) for the titration of the Barren fork soil with 0.01 mol L-1 
naH2PO4 using an isothermal titration calorimeter; and (b) the heat curve produced 
by integration of the thermogram.
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and Al/Fe phosphate precipitation. Note that there are 
25 sets of peaks; one set for each P titration. In fact, 
Fig. 3a and 4a show that for each P addition, both an 
exothermic and endothermic reaction occurred. It is 
common for soils with pH 7 or less to display an initial 
exotherm immediately after titration of P, followed by 
a smaller endothermic peak (Penn and Zhang, 2010). 
However, notice that integration of each of the 25 ti-
tration peaks reveals that the net heat release for each 
additional titration becomes less exothermic and more 
endothermic (Fig. 3b and 4b). This indicates two pro-
cesses. First, ligand exchange sites (i.e., terminal hy-
droxyls on the edges of Al/Fe oxhy/hydroxides) are be-
coming filled up or “saturated” with P, which decreases 
the chemical potential for further ligand exchange 
reactions; this decreases the exotherms. Second, the 
source Al and Fe minerals are able to slightly dissolve 
and produce Al and Fe for precipitation with P on the 
surface of the minerals; this increases the endotherms. 
Further evidence for precipitation of P was established 
by conducting a geochemical speciation of the solution 
using the MINTEQ2 program (Allison et al., 1991). 
A “sweep” was conducted to simulate the addition of 
P into the soil solution as performed in the calorimetry 
experiment; the model predicted precipitation of var-
iscite (Al phosphate mineral). Due to the relatively high 
concentrations of water soluble Al and Fe measured in 
these soils (Table 1), it was not unexpected that added P 
would partially precipitate with such metals in solution. 
The use of calorimetry to detect simultaneous ligand ex-
change and precipitation reactions and general changes 
in mechanisms is also found in previous studies (Penn 
and Warren, 2009; Kabengi et al., 2006a; Partyka et al., 1989; 
Machesky et al., 1989; Imai et al., 1981).
A multiple linear regression equation was developed by 
Penn and Zhang (2010) to relate soil Alox and the heat of the 
first titration to P sorption in a batch isotherm which added 
500 mg P kg-1 soil. Application of the heat of the first titration 
(Fig. 3 and 4) and Alox (Table 1) into this equation yielded a 
prediction of P sorption of 167 and 177 mg P kg-1 for the Barren 
Fork and Clear Creek soils, respectively. Note that these predict-
ed P sorption values are similar to cumulative P sorption values 
under flow-through conditions at P loading values approaching 
500 mg kg-1 (Fig. 2).
Examination of the single P titration to the soils provided 
valuable information regarding the degree of, and kinetics of 
P sorption. Figure 5 indicates that the degree of P sorption for 
the Clear Creek soil was greater than the Barren Fork soil as evi-
denced by the area under the peak. Several studies have related 
total heat release to the degree of P sorption (Harvey and Rhue, 
2008; Miltenburg and Golterman, 1997; Imai et al., 1981). The 
greater heat release from P titration of Clear Creek compared 
with Barren Fork soil is supported by the larger amount of P 
sorption measured in the flow-through experiments (Fig. 1 and 
2). Note that overall P sorption was net exothermic even though 
both exothermic and endothermic reactions were occurring, sug-
gesting that ligand exchange was the most dominant P removal 
mechanism as supported by Fig. 3 and 4. Observation of the sin-
gle titration peaks also showed that P removal reactions by the 
Barren Fork soil were faster than Clear Creek (Fig. 5).
For example, the heat production rate after P addition to 
the Barren Fork soil returned to equilibrium in approximately 4 
min (Fig. 5a). However, the broad peak for the Clear Creek soil 
suggests that P sorption was not completed until at least 50 min, 
although much of the reaction occurred within 10 min (Fig. 5b). 
While P sorption reactions (chemical process) indeed require 
time to occur, transport kinetics for sorbate from liquid to solid 
(soil) must also be considered. For example, Aharoni and Sparks 
(1991) describe sorbate transport processes in a solid–liquid sys-
tem with several scenarios: transport of sorbate in the soil solu-
tion, transport across a liquid film at the solid–liquid interface, 
transport in a liquid-filled micropore, and diffusion of a sorbate 
at the soil surface or into a micropore. The “slow burn” (Rhue et 
al., 2002) displayed by the Clear Creek soil has been observed in 
other studies (Kabengi et al., 2006b; Harvey and Rhue, 2008). 
Since both soils were dominated by ligand exchange chemical 
mechanisms which are extremely fast (Sposito, 1994), a possible 
fig. 4. Thermogram (a) for the titration of the clear creek soil with 0.01 mol L-1 
naH2PO4 using an isothermal titration calorimeter; and (b) the heat curve produced 
by integration of the thermogram.
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explanation for the long “slow burn” for P sorption in the Clear 
Creek soil is that after the initial P sorption reactions occurred 
on the surfaces of minerals, further P sorption occurred only af-
ter the slow physical transport and diffusion of P into micropores 
(micropore scale physical nonequilibrium). This suggests that 
for Clear Creek, the overall P removal process was appreciably 
limited by the kinetics of a physical process (transport of sorbate 
from liquid to solid) rather than a chemical process. It is typical 
for removal of a sorbate by soil to be limited by physical pro-
cesses due to the presence of a porous solid phase (Sparks, 1989). 
Essentially, P sorption reactions were able to occur much faster 
than the physical processes which deliver phosphate to the soil 
surface. A possible explanation for why this “slow burn” was ob-
served in the Clear Creek sample and not the Barren Fork might 
be that either the Barren Fork soils did not possess the same type 
of inner-porosity, or such zones were already occupied with P 
due to the higher initial soil P concentrations (Table 1). Since 
the soils consisted of the same soil type, had similar surface area 
(Table 2), and because Barren Fork had twice the P saturation as 
Clear Creek, the explanation is likely the latter. A similar “slow 
burn” diffusion preceded by a fast reaction was observed by Penn 
et al. (2010).
The difference between P sorption kinetics becomes more 
apparent when comparing the distribution of the area under the 
peaks of Fig. 5. For Barren Fork, nearly 100% of the reaction oc-
curred within 3 min. Contrast this to the Clear Creek sample in 
which only 50% of the 10 min reaction was completed within 3 
min. In addition, about 31% of the total reaction occurred after 
10 min, which suggests that additional retention time beyond 
10 min for the Clear Creek soil will improve P sorption. This 
supports the results of the flow-through P sorption experiments 
that suggested that the Barren Fork soil sorbed P faster than the 
Clear Creek soil.
SUMMARY
Isothermal titration calorimetry provided non-detailed back-
ground information with regard to the degree of, mechanisms, 
and kinetics of P sorption onto soils when evaluated based on 
characterization data and flow-through P sorption experiments. 
Both single titrations and 25 consecutive titration calorimetry ex-
periments predicted the greater P sorption capacity of the Clear 
Creek compared with Barren Fork soil. In fact, P sorption under 
flow-through conditions was well predicted using an equation pre-
viously developed by Penn and Zhang (2010), which utilized heat 
values from calorimetry and soil Alox concentrations.
Calorimetry data also provided information on P sorption 
mechanisms. Both soils in this study displayed thermal patterns 
typical of P sorption by ligand exchange mechanisms onto Al and 
Fe oxides and hydroxides, followed by a lesser degree of Al and Fe 
phosphate precipitation. Knowledge of these mechanisms is im-
portant since the manner in which P is held can have an impact 
on the resistance to P desorption. The impact of chemical condi-
tions on P desorption will also vary depending on the mecha-
nism in which P is held. For example, P bound onto Fe and Al 
is typically more stable than P bound onto Ca (McDowell et al., 
2002; Penn et al., 2011), and sorption of P by Ca phosphate pre-
cipitation is usually more sensitive to RT than sorption by ligand 
exchange reactions (Sposito, 1994).
Perhaps most important, calorimetry proved to be a useful tool 
in regard to providing an initial assessment of kinetics and therefore 
the impact of RT on P removal. In contrast to a batch isotherm, the 
rate of P sorption in a flow through system depends on transport of 
products and reactants as well as the kinetics of sorption.
This study demonstrated that soils which appear similar 
based on routine characterization can differ greatly in regard to 
P sorption behavior under flow-through conditions. Isothermal 
titration calorimetry was a quick and inexpensive method to ini-
tially assess P sorption behavior among different soil samples. The 
calorimetry approach presented in this study can help to provide 
soil-specific information on the risk of P inputs to leaching (i.e., 
degree of P sorption) under different conditions (i.e., flow rate 
or RT), and potential for desorption (P sorption mechanisms).
fig. 5. Thermogram for a single titration of 250 mL of 0.01 mol L-1 
naH2PO4 into 0.1 g of soil sampled from the (a) Barren fork and 
(b) clear creek sites. Peaks above zero indicate exothermic reactions. 
Titration made at 100 s. The inset shows the first 1000 s after titration 
for greater detail.
www.soils.org/publications/sssaj 155
AcKnOWLeDGMenTS
The authors thank the three anonymous reviewers who helped in 
improving this manuscript through their thoughtful comments.
RefeRenceS
Aharoni, C., and D.L. Sparks. 1991. Kinetics of soil chemical reactions–A 
theoretical treatment. In: D. Sparks and D.L. Suarez, editors, Rates of soil 
chemical processes. SSSA Spec. Publ. 27. SSSA, Madison, WI. p. 1–18.
Allison, J.D., D.S. Brown, and K.J. Novo-Gradac. 1991. MINTEQA2/
PRODEFA2, a geochemical assessment model for environmental systems: 
Version 3.0 users manual. USEPA report number EPA/600/3–91/021. 
Environmental Research Laboratory, Athens, GA.
Appel, C., D. Rhue, N. Kabengi, and W. Harris. 2013. Calorimetric investigation 
of the nature of sulfate and phosphate sorption on amorphous aluminum 
hydroxide. Soil Sci. 178:180-188. 
Bear, J. 1972. Dynamics of fluids in porous media. Dover Publ., New York.
Beauchemin, S., and R.R. Simard. 1999. Soil phosphorus saturation degree: 
Review of some indices and their suitability for P management in Quebec, 
Canada. Can. J. Soil Sci. 79:615–625. doi:10.4141/S98-087
Beck, M.A., L.W. Zelazny, W.L. Daniels, and G.L. Mullins. 2004. Using the 
Mehlich-1 extract to estimate soil phosphorus saturation for environmental 
risk assessment. Soil Sci. Soc. Am. J. 68:1762–1771. doi:10.2136/
sssaj2004.1762
Chin, D.A., R.M. Price, and V.J. DiFrenna. 2009. Nonlinear flow in karst formations. 
Ground Water 47:669–674  doi:10.1111/j.1745-6584.2009.00574.x
Day, P.R. 1965. Particle fractionation and particle size analysis. In: C.A. Black, 
D.D. Evans, J.L. White, L.E. Ensminger, and P.E. Clark,  editors, Methods 
of soil analysis. Part 1. Agron. Monogr. 9. ASA, Madison, WI. p. 545–567.
Djodjic, F.K.B., and L. Bergstrom. 2004. Phosphorus leaching in relation to soil 
type and soil phosphorus content. J. Environ. Qual. 33:678–684.
Edwards, D.R., and T.C. Daniel. 1993. Effects of poultry litter application rate 
and rainfall intensity on quality of runoff from fescuegrass plots. J. Environ. 
Qual. 22:361–365. doi:10.2134/jeq1993.00472425002200020017x
Fetter, C.W. 1999. Contaminant hydrogeology. Waveland Press, Long Grove, Ill.
Fox, G.A., and C.J. Penn. 2013. Empirical model for quantifying total 
phosphorus reduction by vegetative filter strips. T. ASABE   56:1461–
1469. doi: http://dx.doi.org/10.13031/trans.56.10133.
Fox, G.A., R. Muñoz-Carpena, and G.J. Sabbagh. 2010. Influence of flow 
concentration on parameter importance and prediction uncertainty of 
pesticide trapping by vegetative filter strips. J. Hydrol. 384:164–173. 
doi:10.1016/j.jhydrol.2010.01.020
Fuchs, J.W., G.A. Fox, D.E. Storm, C. Penn, and G.O. Brown. 2009. Subsurface 
transport of phosphorus in riparian floodplains: Influence of preferential 
flow paths. J. Environ. Qual. 38:473–484. doi:10.2134/jeq2008.0201
Harvey, O.R., and R.D. Rhue. 2008. Kinetics and energetics of phosphate 
sorption in a multi-component Al(III)-Fe(III) hydr(oxide) sorbent system. 
J. Col. Int. Sci. 322:384–393. doi:10.1016/j.jcis.2008.03.019
Hereen, D.M., R.B. Miller, G.A. Fox, D.E. Storm, T. Halihan, and C.J. Penn. 
2010. Preferential flow effects on subsurface contaminant transport in 
alluvial floodplains. Trans. ASABE 53:127–136.
Heeren, D.M., G.A. Fox, R.B. Miller, D.E. Storm, A.K. Fox, C.J. Penn, T. 
Halihan, and A.R. Mittelstet. 2011. Stage-dependent transient storage 
of phosphorus in alluvial floodplains. Hydrol. Processes 25:3230–3243. 
doi:10.1002/hyp.8054
Hooda, P.S. 2000. Relating soil phosphorus indices to potential 
release to water. J. Environ. Qual. 29:1166–1171. doi:10.2134/
jeq2000.00472425002900040018x
Imai, H., K.W.T. Goulding, and O. Talibudeen. 1981. Phosphate adsorption in 
allophanic soils. J. Soil Sci. 32:555–570. doi:10.1111/j.1365-2389.1981.
tb01729.x
Kabengi, N.J., R.D. Rhue, and S.H. Daroub. 2006a. Using flow calorimetry to 
determine the molar heats of cation and anion exchange and the point of 
zero charge on amorphous aluminum hydroxides. Soil Sci. 171:13–21. 
doi:10.1097/01.ss.0000187357.47234.ce
Kabengi, N.J., S.H. Daroub, and R.D. Rhue. 2006b. Energetics of arsenate 
sorption on amorphous aluminum hydroxides studied using flow 
adsorption calorimetery. J. Col. Inter. Sci. 297:86–94. doi:10.1016/j.
jcis.2005.10.050
Khiari, L., L.E. Parent, A. Pellerin, A.R.A. Alimi, C. Tremblay, R.R. Simard, and 
J. Fortin. 2000. An agri-environmental phosphorus saturation index for 
acid coarse-textured soils. J. Environ. Qual. 29:1561–1567. doi:10.2134/
jeq2000.00472425002900050024x
Kim, Y., and R.J. Kirkpatrick. 2004. An investigation of phosphate adsorbed on 
aluminium oxyhydroxide and oxide phases by nuclear magnetic resonance. 
Eur. J. Soil Sci. 55:243–251. doi:10.1046/j.1365-2389.2004.00595.x
Kuo, S. 1996. Phosphorus. In: D.L. Sparks, editor, Methods of soil analysis. Part 
3. SSSA Book Ser. 5. SSSA, Madison, WI. p. 869–920.
Leinweber, P., F. Lunsmann, and K.U. Eckhardt. 1997. Phosphorus sorption 
capacities and saturation of soil in two regions with different livestock 
densities in northwest Germany. Soil Use Man. 13: 82–89.
Ler, A., and R. Stanforth. 2003. Evidence for surface precipitation of phosphate 
on goethite. Environ. Sci. Technol. 37:2694–2700. doi:10.1021/es020773i
Lookman, R., K. Jansen, R. Merckx, and K. Vlassak. 1996. Relationship between 
soil properties and phosphate saturation parameters: A transect study in 
northern Belgium. Geoderma 69:265–274.
Loveland, P.J., P.S. Wright, and R.J.W. Dight. 1983. Relationships between 
a P-sorption index, extractable Fe and Al and fluoride reactivity in the 
soils of an area of mid-Whales. J. Agric. Sci. (Cambridge) 101:213–221. 
doi:10.1017/S0021859600036522
Machesky, M.L., B.L. Bischoff, and M.A. Anderson. 1989. Calorimetric 
investigation of anion adsorption onto goethite. Environ. Sci. Technol. 
23:580–587. doi:10.1021/es00063a011
Maguire, R.O., and J.T. Sims. 2002. Soil testing to predict phosphorus leaching. J. 
Environ. Qual. 31:1601–1609. doi:10.2134/jeq2002.1601
McDowell, R.W., L.M. Condron, N. Mahieu, P.C. Brookes, P.R. Poulton, and 
A.N. Sharpley. 2002. Analysis of potential mobile phosphorus in arable 
soils using solid state nuclear magnetic resonance. J. Environ. Qual. 
31:450–456. doi:10.2134/jeq2002.0450
McKeague, J., and J.H. Day. 1966. Dithionite and oxalate-extractable Fe and Al 
as aids in differentiating various classes of soils. Can. J. Soil Sci. 46:13–22. 
doi:10.4141/cjss66-003
Mehlich, A. 1984. Mehlich 3 soil test extractant: A modification of 
Mehlich 2 extractant. Commun. Soil Sci. Plant Anal. 15:1409–1416. 
doi:10.1080/00103628409367568
Miltenburg, J.C., and H.L. Golterman. 1997. The energy of the adsorption 
of o-phosphate onto ferric hydroxide. Hydrobiologia 364:93–97. 
doi:10.1023/A:1003107907214
Mozaffari, M., and J.T. Sims. 1994. Phosphorus availability and sorption in an 
Atlantic coastal plain watershed dominated by animal-based agriculture. 
Soil Sci. 157:97–107. doi:10.1097/00010694-199402000-00005
Mozaffari, M., and J.T. Sims. 1996. Phosphorus transformations in poultry litter-
amended soils of the Atlantic coastal plain. J. Environ. Qual. 25:1357–
1365. doi:10.2134/jeq1996.00472425002500060027x
Muñoz-Carpena, R., G.A. Fox, and G.J. Sabbagh. 2010. Parameter importance 
and uncertainty in predicting runoff pesticide reduction with filter strips. J. 
Environ. Qual. 39:630–641. doi:10.2134/jeq2009.0300
Murphy, J., and J.R. Riley. 1962. A modified single solution method for the 
determination of phosphate in natural waters. Anal. Chim. Acta 27:31–36. 
doi:10.1016/S0003-2670(00)88444-5
Nelson, N.O., and A.L. Shober. 2012. Evaluation of phosphorus indices after 
twenty years of science and development. J. Environ. Qual. 41:1703–1710. 
doi:10.2134/jeq2012.0342
Niskanen, R. 1990. Sorption capacity of phosphate in mineral soils II: 
Dependence of sorption capacity on soil properties. J. agric. Sci. Finland 
62:9–15.
Osborne, L.L., and D.A. Kovacic. 1993. Riparian vegetated buffer strips in water-
quality restoration and stream management. Freshw. Biol. 29:243–258. 
doi:10.1111/j.1365-2427.1993.tb00761.x
Owens, L.B., and M.J. Shipitalo. 2006. Surface and subsurface phosphorus losses 
from fertilized pasture systems in Ohio. J. Environ. Qual. 35:1101–1109. 
doi:10.2134/jeq2005.0402
Pautler, M.C., and J.T. Sims. 2000. Relationships between soil test phosphorus, 
soluble phosphorus and phosphorus saturation in Delaware soils. Soil Sci. 
Soc. Am. J. 64:765–773. doi:10.2136/sssaj2000.642765x
Partyka, S., W. Rudzinski, and B. Brun. 1989. Calorimetric studies of adsorption 
of anionic surfactants onto alumina. Langmuir 5:297–304. doi:10.1021/
la00086a001
Penn, C.J., and J.M. McGrath. 2011. Predicting phosphorus sorption onto steel 
slag using a flow-through approach with application to a pilot scale system. 
156 Soil Science Society of America Journal
J. Water Res. Protec. 3:235–244. doi:10.4236/jwarp.2011.34030
Penn, C.J., R.B. Bryant, M.A. Callahan, and J.M. McGrath. 2011. Use of 
industrial byproducts to sorb and retain phosphorus. Commun. Soil Sci. 
Plant Anal. 42:633–644. doi:10.1080/00103624.2011.550374
Penn, C.J., and H. Zhang. 2010. Thermodynamics of phosphorus sorption 
onto soils: Isothermal titration calorimetry as an indicator of phosphorus 
sorption behavior. Soil Sci. Soc. Am. J. 74:502–511. doi:10.2136/
sssaj2009.0199
Penn, C.J., J.G. Warren, and S. Smith. 2010. Maximizing ammonium-nitrogen 
removal from solution using different zeolites. J. Environ. Qual. 39:1478–
1485. doi:10.2134/jeq2009.0324
Penn, C.J., and J.G. Warren. 2009. Investigating phosphorus sorption onto 
kaolinite using isothermal titration calorimetry. Soil Sci. Soc. Am. J. 
73:560–568. doi:10.2136/sssaj2008.0198
Penn, C.J., G.L. Mullins, L.W. Zelazny, and A.N. Sharpley. 2006. Estimating 
dissolved phosphorus concentrations in runoff from three physiographic 
regions of Virginia. Soil Sci. Soc. Am. J. 70:1967–1974. doi:10.2136/
sssaj2006.0027
Rao, N.S., Z.M. Easton, E.M. Schneiderman, M.S. Zion, D.R. Lee, and T.S. 
Steenhuis. 2009. Modeling watershed-scale effectiveness of agricultural 
best management practices to reduce phosphorus loading. J. Environ. 
Manage. 90:1385–1395. doi:10.1016/j.jenvman.2008.08.011
Rhue, R.D., C. Appel, and N. Kabengi. 2002. Measuring surface chemical 
properties of soil using flow calorimetry. Soil Sci. 167:782–790. 
doi:10.1097/00010694-200212000-00002
Ryther, J.H., and W.M. Dunstan. 1971. Nitrogen, phosphorus, and 
eutrophication in the coastal marine environment. Science 171:1008–
1013. doi:10.1126/science.171.3975.1008
Sabbagh, G.J., G.A. Fox, A. Kamanzi, B. Roepke, and J.-Z. Tang. 2009. 
Effectiveness of vegetative filter strips in reducing pesticide loading: 
Quantifying pesticide trapping efficiency. J. Environ. Qual. 38:762–771. 
doi:10.2134/jeq2008.0266
Sakadevan, K., and H.J. Bavor. 1998. Phosphate adsorption characteristics of 
soils, slags, and zeolite to be used as substrates in constructed wetland 
systems. Water Res. 32:393–399. doi:10.1016/S0043-1354(97)00271-6
SAS Institute. 2003. SAS user’s guide: Statistics. SAS Inst., Cary, NC.
Sauer, T.J., and S.D. Logsdon. 2002. Hydraulic and physical properties of stony 
soils in a small watershed. Soil Sci. Soc. Am. J. 66:1947–1956. doi:10.2136/
sssaj2002.1947
Sauer, T.J., S.D. Logsdon, J. Van Brahana, and J.F. Murdoch. 2005. Variation in 
infiltration with landscape position: Implications for forest productivity 
and surface water quality. For. Ecol. Manage. 220:118–127. doi:10.1016/j.
foreco.2005.08.009
Saunders, W.M.H. 1965. Phosphate retention by New Zealand soils and its 
relationship to free sesquioxides, organic matter, and other soil properties. 
N. Z. J. Agric. Res. 8:30–57. doi:10.1080/00288233.1965.10420021
Schoumans, O.F. 2000. Determination of the degree of phosphate saturation in 
non-calcareous soils. In: G.M. Pierzynski, editor, Methods of phosphorus 
analysis for soils, sediments, residuals, and waters. Southern Coop. Ser. Bull. 
No. 396. A publication of SERA-IEG 17. (A USDA-CSREES Regional 
committee minimizing agricultural phosphorus losses for protection of the 
water resources.). p. 31–34.North Carolina State University, Raliegh, NC.
Sims, J.T., R.O. Maguire, A.B. Leytem, K.L. Gartley, and M.C. Pautler. 2002. 
Evaluation of Mehlich 3 as an Agri-environmental soil phosphorus test for 
the Mid-Atlantic United States of America. Soil Sci. Soc. Am. J. 66:2016–
2032. doi:10.2136/sssaj2002.2016
Simard, R.R. 2000. Potential for preferential pathways of phosphorus 
transport. J. Environ. Qual. 29:97–105. doi:10.2134/
jeq2000.00472425002900010012x
Sparks, D.L. 1989. Kinetics of soil chemical processes. Academic Press, San 
Diego, CA.
Sposito, G. 1994. Chemical equilibria and kinetics in soils. Oxford Univ. Press, 
New York.
Stoner, D., C.J. Penn, J.M. McGrath, and J.G. Warren. 2012. Phosphorus removal 
with by-products in a flow-through setting. J. Environ. Qual. 41:654–663. 
doi:10.2134/jeq2011.0049
Syers, J.K., T.D. Evans, J.D.H. Williams, and J.T. Murdock. 1971. Phosphate 
sorption parameters of representative soils from Rio Grande Do Sul, Brazil 
Soil Sci. 112:267–275.
Vadas, P.A., R.D. Harmel, and P.J.A. Kleinman. 2007. Transformations of soil 
and manure phosphorus after surface application of manure to field plots. 
Nutr. Cycling Agroecosyst. 77:83–99. doi:10.1007/s10705-006-9047-5
Violante, A. 2013. Elucidating mechanisms of competitive sorption at the 
mineral/water interface. In: D.L. Sparks, editor, Advances in Agronomy. 
Vol. 118.Academic Press, Waltham, MA p. 111–176.
Zhang, H., J.L. Schroder, J.K. Fuhrman, N.T. Basta, D.E. Storm, and M.E. 
Payton. 2005. Path and multiple regression analyses of phosphorus 
sorption capacity. Soil Sci. Soc. Am. J. 69:96–106.
